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Cytokinesis mediates the physical separation of dividing cells after chromosome segregation. In animal cell
cytokinesis, a contractile ring, mainly composed of actin and myosin filaments, ingresses a cleavage furrow
midway between the two spindle poles. A distinct machinery, involving the endosomal sorting complex
required for transport III (ESCRT-III), subsequently splits the plasma membrane of nascent daughter cells
in a process termed abscission. Here, we provide a brief overview of early cytokinesis events in animal cells
and then cover in depth recently emergingmodels for the assembly and function of the abscissionmachinery
and its temporal coordination with chromosome segregation.Introduction
In animal cells, cytokinesis initiates during early anaphase by
reorganization of the mitotic spindle. The anaphase spindle
then signals to the cell cortex to promote assembly of an acto-
myosin ring at an equatorial position in between the two spindle
poles. Contraction of the actomyosin ring leads to the ingression
of a cleavage furrow, which partitions the cytoplasm into two do-
mains. Nascent daughter cells remain connected by an intercel-
lular bridge, which at its center forms a dense structure termed
the midbody. The midbody provides anchorage to the ingressed
cleavage furrow and serves as a platform for the assembly
of the abscission machinery. The removal of microtubule and
actin cytoskeleton, the secretion of vesicles, and the assembly
of recently discovered cortical filaments with 17 nm diameter
then establishes secondary constriction zones at the intercellular
bridge, leading to fission of the plasmamembrane. In this review,
we provide a concise overview of early cytokinesis stages and
then discuss in depth the mechanisms and temporal control of
abscission. For a more extensive coverage of early cytokinesis
events, we refer our readers to recent reviews (Fededa and Ger-
lich, 2012; Green et al., 2012). Because most of the published
literature on abscission is based either on tissue culture cells
or animal embryos as model systems, we focus our review on
cytokinesis in animal cells.
Early Stages of Cytokinesis: Anaphase Spindle
Reorganization and Cleavage Furrow Ingression
Equal partitioning of segregated chromosomes requires that
the cytokinetic cleavage furrow ingresses at a position midway
between the two spindle poles (Figure 1). In animal cells, the
positioning of the cleavage furrow involves continuous commu-
nication between the anaphase spindle and the cell cortex (Rap-
paport, 1985). The key player in this signaling pathway is the
small GTPase RhoA, which accumulates at the equatorial cell
cortex to promote assembly and contraction of the actomyosin
ring (Bement et al., 2005).
Central Spindle Assembly
When chromosomes move poleward during anaphase, microtu-
bules at the spindle midzone form antiparallel arrays that overlap
at the spindle center with their plus ends (Euteneuer and McIn-tosh, 1980) (Figure 1). Microtubules of the spindle midzone partly
derive from the metaphase spindle and partly assemble de novo
by nucleation on thewalls of othermicrotubules, mediated by the
Augmin complex (Kamasaki et al., 2013; Uehara and Goshima,
2010; Uehara et al., 2009). The microtubule overlap zone gradu-
ally narrows during anaphase progression to form the central
spindle, a signaling platform that contributes to the positioning
of the cleavage plane (Glotzer, 2009). A key factor in central spin-
dle assembly is the microtubule bundling protein required for
cytokinesis 1 (PRC1), which as a homodimer selectively binds
to the interface between antiparallel microtubules once Cdk1-
and Plk1-mediated inhibitory phosphorylations have been
removed at anaphase onset (Bieling et al., 2010; Cundell et al.,
2013; Jiang et al., 1998; Mollinari et al., 2002; Neef et al., 2007;
Subramanian et al., 2010; Zhu et al., 2006). Central spindle as-
sembly further depends on the heterotetrameric centralspindlin
complex, which comprises two subunits of the kinesin-6 motor
protein MKLP1 and the Rho-family GTPase-activating protein
CYK-4 (also termed MgcRacGAP), respectively (Mishima et al.,
2002; Pavicic-Kaltenbrunner et al., 2007). Centralspindlin is acti-
vated at anaphase onset through removal of an inhibitory Cdk1
phosphorylation from its MKLP1 subunit (Mishima et al., 2004)
and through Aurora B-mediated phosphorylation of MKLP1
(Guse et al., 2005), which leads to a release from its inhibitor
14-3-3 and the formation of higher-order clusters that stabilize
the central spindle (Douglas et al., 2010; Hutterer et al., 2009).
A third essential component of the central spindle is the chro-
mosomal passenger complex, comprising the kinase Aurora B,
the inner centromere protein (INCENP), borealin, and survivin
(Carmena et al., 2012). The chromosomal passenger complex
relocates from centromeres to the spindle center at anaphase
onset, depending on the removal of a Cdk1 phosphorylation
from the INCENP subunit (Hu¨mmer and Mayer, 2009) and the
kinesin MKLP2 (Gruneberg et al., 2004). Besides its role in regu-
lating other central spindle components by phosphorylation, the
chromosomal passenger complex may also directly contribute
to microtubule bundling (Carmena et al., 2012; Glotzer, 2009).
The length of the central spindle is regulated by Aurora
B kinase, involving the kinesins KIF4A and KIF2A. In vitro recon-
stitution experiments showed that KIF4A is transported byDevelopmental Cell 31, December 8, 2014 ª2014 Elsevier Inc. 525
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Figure 1. Overview of Animal Cell Cytokinesis
Cytokinesis initiates during anaphase, when the two sets of sister chromatids
segregate toward opposing spindle poles. Microtubules of the mitotic spindle
then reorganize to form the central spindle. Signaling between the anaphase
spindle and the cell cortex specifies where the actomyosin ring assembles.
Contraction of the actomyosin ring ingresses the attached cell cortex to form
the cleavage furrow, which partitions the cytoplasm into two domains.
Completion of actomyosin ring contraction results in the formation of the
intercellular bridge, which contains the midbody at its center. Abscission
proceeds by disassembly of the microtubules adjacent to the midbody and
membrane fission to physically separate the nascent daughter cells.
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zones, which then stops microtubule growth (Bieling et al.,
2010; Subramanian et al., 2010). In cells, Aurora B stabilizes
the central spindle by local activation of KIF4A (Nunes Bastos
et al., 2013) and by inhibition of the microtubule depolymerase
KIF2A (Uehara et al., 2013).
In summary, a decline of Cdk1 activity and relocalization of
Aurora B from chromosomes to microtubules promotes micro-
tubule bundling and assembly of the central spindle during early
anaphase.
Cleavage Plane Specification
In animal cells, the anaphase spindle generates two redundant
signals for cleavage plane positioning, which emerge from the
central spindle and the spindle asters, respectively (Bringmann
and Hyman, 2005; Dechant and Glotzer, 2003). The central
spindle contributes to RhoA activation at the equatorial cortex
(Bement et al., 2005; Yu¨ce et al., 2005), whereas dynamic micro-
tubules from the spindle asters inhibit RhoA at cortical regions
close to the spindle poles (Dechant and Glotzer, 2003; Foe and
von Dassow, 2008; Werner et al., 2007). In addition, a population
of stable microtubules originating from the asters has been pro-
posed to provide an activating signal at the cell equator (Canman
et al., 2003; Foe and von Dassow, 2008). How the spatial infor-
mation is transmitted from the spindle to the cell cortex is not fully
understood, and it may involve direct contact between microtu-
bules and cortex, diffusion of soluble factors, or transport along
actin cables (Fededa and Gerlich, 2012; Green et al., 2012).
Similar to other small GTPases, RhoA is regulated by guanine-
nucleotide exchange factors (GEFs) and GTPase activating pro-
teins (GAPs). An important activator of RhoA is the GEF ECT2
(Pebble in Drosophila melanogaster, and LET-21 or ECT-2 in
nematodes), which in vertebrates targets to the central spindle
by binding to the Plk1-phosphorylated CYK-4/MgcRacGAP sub-
unit of centralspindlin (Burkardet al., 2009;Petronczki et al., 2007;
Wolfe et al., 2009; Yu¨ce et al., 2005). Upon a decrease of Cdk1
activity, a fraction of ECT2 relocates to the equatorial cell cortex
through removal of an inhibitory phosphorylation in its plasma
membrane-targeting domain, thus establishing local RhoA acti-
vation in the vicinity of the central spindle (Su et al., 2011).
How counteracting GAPs contribute to equatorial RhoA
activation is less well understood. The GAP domain of CYK-4/
MgcRacGAP has low catalytic activity toward RhoA-GTP but
mediates inactivation of another GTPase, Rac1, which is impor-
tant for efficient furrow ingression (Bastos et al., 2012; Canman
et al., 2008). However, the CYK-4/MgcRacGAP GAP domain
also contributes to the accumulation of active RhoA at the cell
equator (Loria et al., 2012; Miller and Bement, 2009), potentially
through regulation of ECT2. A recent study uncovered M phase
GAP (MP-GAP, also named ARHGAP11A in humans; RGA-3/4 in
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duringmitosis and cytokinesis, yet MP-GAP is required for equa-
torial RhoA concentration only in the absence of astral microtu-
bules (Zanin et al., 2013). Dissecting the relative contribution of
CYK-4/MgcRacGAP and MP-GAP to equatorial RhoA activation
therefore requires further investigation.
Actomyosin Ring Assembly and Contraction
Once activated at the equatorial cell cortex, RhoA promotes
actomyosin ring assembly and contraction through two regula-
tory pathways. On the one hand, RhoA activates Diaphanous-
related formins to stimulate nucleation of unbranched actin
filaments (Castrillon and Wasserman, 1994; Severson et al.,
2002; Watanabe et al., 2008). On the other hand, RhoA activates
myosin II indirectly, through activating the myosin light chain ki-
nase ROCK and through inhibiting a counteracting phosphatase
MYPT (Matsumura, 2005). In animal cells, the actomyosin ring
initially appears as a broad equatorial band, which then narrows
to a ribbon (Hu et al., 2011; Lewellyn et al., 2011;Mabuchi, 1994).
Actin and myosin filaments either assemble directly at the cell
equator or derive from adjacent cortex regions by lateral cortical
flow (Murthy and Wadsworth, 2005; Uehara et al., 2010; Vale
et al., 2009; Yumura et al., 2008; Zhou and Wang, 2008).
In C. elegans embryos, formin-mediated actin nucleation is
required only until early stages of cleavage furrow ingression,
whereas myosin II activity is required until complete contraction
of the contractile ring (Davies et al., 2014). In addition to actin and
myosin filaments, the contractile ring further contains actin
crosslinking proteins (Reichl et al., 2008), septin filaments (Joo
et al., 2007; Mavrakis et al., 2014; Neufeld and Rubin, 1994),
and anillin, a scaffold protein that links actin, myosin, septin,
the central spindle, and the plasma membrane (Field and
Alberts, 1995; Piekny and Maddox, 2010).
How the actomyosin ring generates contractile force is poorly
understood. At ingressed cleavage furrows, many actin and
myosin filaments are aligned with the equatorial ring, consistent
with a mechanism of sliding myosin and actin filaments (Maupin
and Pollard, 1986; Schroeder, 1972). During initial phases of
actomyosin ring assembly in vertebrate cells, however, many
actin filaments appear to be oriented in random directions
(Fishkind and Wang, 1993). In vitro studies and biophysical con-
siderations suggest that such randomly oriented actin filament
networks may also generate contractile forces when motors
or actin depolymerases cooperate with filament end-tracking
crosslinkers (Kruse and Ju¨licher, 2003; Vogel et al., 2013;
Zumdieck et al., 2007). During cleavage furrow ingression, the
amount of actin and myosin per unit length remains constant,
which implies that actomyosin ring contraction is coupled
with filament disassembly (Carvalho et al., 2009; Schroeder,
1972). To what extent actin filament disassembly contributes
to force generation, however, is unclear, because it is important
for constriction of actomyosin rings in budding yeast cells
(Mendes Pinto et al., 2012) but not for actomyosin rings isolated
from fission yeast cells (Mishra et al., 2013). An understanding
of the force-generating mechanism underlying cytokinetic
cleavage furrow ingression would benefit most from direct
visualization of the dynamics of individual actin and myosin
filaments in live cells, as well as the exact localization and
activity of motors, crosslinkers, and depolymerases, which
may become possible once emerging super-resolution fluores-cence microscopy techniques provide sufficient sensitivity and
resolution.
Midbody Formation and Maturation of the Intercellular
Bridge
Contraction of the actomyosin ring ingresses the cleavage
furrow until it has reached a diameter of 1–2 mm (Figure 2A).
Nascent daughter cells then remain connected by an intercel-
lular bridge, which persists up to several hours into G1 until the
abscission machinery splits the plasma membrane apart. The
intercellular bridge contains bundles of antiparallel microtubules
derived from the central spindle, which overlap at the midbody,
an electron-dense structure that serves as an assembly platform
for the abscission machinery. Prior to abscission, cytoskeleton
and other physical obstructions are removed from the site of
plasma membrane fission (Figure 2B) while the cell cortex re-
mains anchored to the midbody (Figure 3).
Reorganization of Cytoskeleton and Membranes
During the formation of the intercellular bridge, central spindle
components relocate to distinct domains at the midbody.
KIF4 and PRC1 remain associated with the microtubules of
the central overlap zone, whereas the motor protein CENP-E,
MKLP2, and Aurora B localize at microtubules adjacent to the
midbody (Gruneberg et al., 2004; Hu et al., 2012; Yen et al.,
1991). Several actomyosin ring components, including anillin,
septins, Citron kinase, and RhoA, localize to a ring surrounding
the midbody (Gai et al., 2011; Hu et al., 2012; Kechad et al.,
2012).
The plasma membrane of the intercellular bridge is enriched
by specific lipids. Phosphoinositides and their phosphorylated
derivatives play a particularly important role in cytokinesis (Dam-
bournet et al., 2011; Echard, 2012; Emoto et al., 2005; Field et al.,
2005; Sagona et al., 2010). PtdIns(4,5)P2 accumulates at the
equatorial cortexwhen the cleavage furrow ingresses (Dambour-
net et al., 2011; Emoto et al., 2005; Field et al., 2005; Kouranti
et al., 2006). This specifies the localization of various cytokinesis
proteins such as anillin, septin, RhoA, and CYK-4/MgcRacGAP
(Echard, 2012; Lekomtsev et al., 2012; Liu et al., 2012). PtdIns3P
accumulates close to the midbody, where it binds FYVE-CENT
and TTC19, two factors that mediate accumulation of the abscis-
sion factor CHMP4B (Sagona et al., 2010).
Upon complete ingression of the cleavage furrow, most actin
filaments of the actomyosin ring disassemble (Guizetti et al.,
2011) (Figure 2D). This depends on inactivation of RhoA, which
is mediated by a complex of PKCε kinase and 14-3-3 protein
(Saurin et al., 2008). Actin filament disassembly in the inter-
cellular bridge is further regulated by changes in the lipid
composition of the plasma membrane. The endosome-associ-
ated GTPase Rab35 delivers the PtdIns(4,5)P2 5-phosphatase
oculocerebrorenal syndrome of Lowe 1 (OCRL) to the cortex of
the intercellular bridge, which then reduces the levels of
PtdIns(4,5)P2 and actin filaments (Dambournet et al., 2011).
Endosomal vesicles containing Rab11 and FIP3 also contribute
to the depolymerization of cortical actin filaments in the intercel-
lular bridge through the delivery of p50RhoGAP (also termed
ARHGAP1) (Schiel et al., 2012). Other than their function in re-
modeling actin filaments, Rab11/FIP3 vesicles also contribute
to a gradual narrowing of the intercellular bridge (Schiel et al.,
2012), which precedes the formation of rippled constrictionDevelopmental Cell 31, December 8, 2014 ª2014 Elsevier Inc. 527
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Figure 2. Maturation of the Intercellular Bridge
(A–C) Transmission electron micrographs of intercellular bridges of HeLa cells at different stages of maturation. (A) Early-stage intercellular bridge appears short
with bundles of straight microtubules. (B) Mid-stage, elongated intercellular bridge. Microtubule bundles appear compressed at either end, where the intercellular
bridge has a reduced diameter. (C) Late-stage intercellular bridge with rippled, electron-dense cortex at a constriction zone.Microtubules at the constriction zone
appear curved and highly compressed. Note that actin filaments are not visible in these images, owing to high cytoplasmic background. Scale bars, 500 nm.
(D) Schematics of intercellular bridge maturation. Complete ingression of the cleavage furrow is followed by disassembly of cortical F-actin. Fusion of vesicles
correlates with gradual narrowing of the intercellular bridge on both sides of the midbody. Abscission proceeds by assembly and constriction of 17 nm filaments
adjacent to the midbody and simultaneous disassembly of the microtubules lateral to the midbody.
Images in (B) and (C) are reprinted with permission from Guizetti et al. (2011); (A) is provided by D.W. Gerlich and T. Mueller-Reichert.
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2011; Schiel et al., 2012) (see Abscission below).
Mechanical Anchorage of the Ingressed Cleavage
Furrow
Following actomyosin ring disassembly, the cleavage furrow is
mechanically stabilized by multiple mechanisms (Figures 2B
and 3). Centralspindlin localizes predominantly to the central528 Developmental Cell 31, December 8, 2014 ª2014 Elsevier Inc.midbody but also links to the plasmamembrane through amem-
brane binding domain in its CYK-4/MgcRacGAP subunit, which
binds PtdIns4P and PtdIns(4,5)P2 and maintains the ingressed
cleavage furrow after actomyosin ring disassembly (Lekomtsev
et al., 2012) (Figure 3A).
The MKLP1 subunit of centralspindlin also contributes to the
cortical anchorage through direct binding to the small GTPase
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Figure 3. Anchorage of the Cell Cortex in the Intercellular Bridge
Multiple, nonredundant mechanisms link the cell cortex to the underlying
cytoskeleton.
(A) Central spindle-associated centralspindlin binds to the plasma membrane
via a membrane-binding domain in CYK-4/MgcRacGAP (Lekomtsev et al.,
2012).
(B) MKLP1 also linksmicrotubules to the plasmamembrane by binding to Arf6,
which contains a membrane-binding PH domain (Makyio et al., 2012).
(C) Mechanical stability of the ingressed cleavage furrow is further provided by
anillin and Citron kinase/Sticky. Citron kinase links membrane- and septin-
associated anillin with midbody microtubules via MKLP1 and KIF14/Nebbish,
which bind PRC1/Fascetto at the central midbody (Bassi et al., 2013; Gai et al.,
2011; Kechad et al., 2012; Liu et al., 2012; Watanabe et al., 2013). The
orientation of the depicted proteins is based on domain interaction data and
protein structures presented in the cited literature.
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nal myristoylated helix (Makyio et al., 2012) (Figure 3B). Arf6
has an additional function in stabilizing the ingressed cleavage
furrow, as it also promotes maintenance of central midbody
integrity by counteracting 14-3-3 protein, which sequesters cen-
tralspindlin in an unclustered form and leads to dissipation of the
midbody (Joseph et al., 2012).
Cortical anchorage of the intercellular bridge beyond the cen-
tral midbody region further depends on anillin, which localizes at
the midbody, as well as at adjacent regions (D’Avino et al., 2004;
Hu et al., 2012; Piekny andMaddox, 2010; Renshaw et al., 2014).
Anillin binds to PtdIns(4,5)P2 through its C-terminal PH domain
(Liu et al., 2012) and links to underlying septin filaments (Kechad
et al., 2012). Anillin is recruited andmaintained at the intercellular
bridge through binding to Citron kinase (the Drosophila ortholog
is termed Sticky) (El Amine et al., 2013; Gai et al., 2011).
Citron kinase/Sticky further contributes to the stability of the
midbody by binding to MKLP1 and another microtubule-associ-ated kinesin, KIF14, termed Nebbish in Drosophila (Bassi et al.,
2013; Gruneberg et al., 2006; Watanabe et al., 2013). Those
kinesins interact with PRC1 (termed Fascetto in Drosophila) at
the central midbody (Bassi et al., 2013; Gruneberg et al., 2006;
Kurasawa et al., 2004) (Figure 3C).
Thus, the mechanical stability of the intercellular bridge
depends on multiple nonredundant factors that tether the mid-
body and adjacent regions to the plasma membrane.
Abscission
Constriction and Split of the Intercellular Bridge
During its maturation, the intercellular bridge gradually narrows
to about half of its initial width (Guizetti et al., 2011; Schiel
et al., 2012). About 10–20min before abscission, the cortex adja-
cent to the midbody constricts and appears rippled in electron
micrographs (Guizetti et al., 2011; Mullins and Biesele, 1977)
(Figure 2C). Electron tomography of high-pressure-frozen cells
revealed that these constriction zones contain membrane-
associated filaments of 17 nm diameter, which encircle the inter-
cellular bridge as large helices (Guizetti et al., 2011) (Figures 5A–
5C). Microtubule bundles underneath the cortical constriction
zones appear to be compressed, and they rapidly disassemble
as the intercellular bridge further narrows (Guizetti et al., 2011).
Upon complete constriction, which occurs sequentially on
each side of the midbody, the plasma membrane splits to give
rise to two separate daughter cells and a midbody remnant
(Elia et al., 2011; Guizetti et al., 2011). These data support a
model of abscission by constriction of cortical filament helices
to close the plasma membrane tube for fission (Figure 4).
The molecular identity of 17 nm diameter abscission filaments
is unknown, but a candidate component is the endosomal sort-
ing complex required for transport-III (ESCRT-III). ESCRT-III
mediates membrane constriction and fission from the cytosolic
face of membranes in a variety of cellular processes, including
budding of endosomal vesicles and viruses (McCullough
et al., 2013). ESCRT-III is thought to deform membranes
through polymerization of multiple subunits that share structural
similarity (McCullough et al., 2013). ESCRT-III is essential for
abscission (Carlton and Martin-Serrano, 2007) and accumulates
within late-stage intercellular bridges at constriction zones (Elia
et al., 2011; Guizetti et al., 2011). Depletion of the ESCRT-III
subunit CHMP2A suppressed the formation of 17 nm diameter
filaments and constriction of the intercellular bridge (Guizetti
et al., 2011), suggesting that ESCRT-III may either directly poly-
merize into 17 nm filaments during abscission or regulate their
assembly.
ESCRT-III localization at the intercellular bridge results from
sequential recruitment of its targeting factors (Figure 4A). This
is initiated during late cytokinesis when CEP55 binds to mid-
body-localized centralspindlin component MKLP1 (Bastos and
Barr, 2010; Carlton and Martin-Serrano, 2007; Lee et al., 2008;
Morita et al., 2007). CEP55 then mediates the accumulation
ALIX and TSG101, a component of the ESCRT-I complex (Carl-
ton et al., 2008; Carlton and Martin-Serrano, 2007; Morita et al.,
2007), which targets ESCRT-III subunits to cortical rings at both
sides of the midbody (Elia et al., 2011; Guizetti et al., 2011; La-
faurie-Janvore et al., 2013). ESCRT-III also interacts with mem-
branes via PtdIns3P-binding protein FYVE-CENT and TTC19
(Sagona et al., 2010). During the final stages of abscission, theDevelopmental Cell 31, December 8, 2014 ª2014 Elsevier Inc. 529
DCB
Constriction during outgrowth Cut and slide Capture of membrane bulges
Microtubules
VPS4
ALIX TSG101
Midbody
A
Figure 4. Models for ESCRT-III-Mediated Abscission
(A) ALIX and TSG101 provide an ESCRT-III targeting platform at the midbody.
(B–D) Speculative models for ESCRT-III-mediated membrane constriction at the intercellular bridge. (B) ESCRT-III filaments constrict the membrane tube during
their outgrowth away from the midbody by increasing inward-directed curvature (Guizetti et al., 2011). (C) ESCRT-III filaments first form cylindrical spirals, which
are then split by VPS4 to release fragments. The ESCRT-III spiral fragments then constrict as they slide away from the midbody (Elia et al., 2012). (D) ESCRT-III
binds and stabilizes membrane deformations generated by other processes, such as vesicle secretion (Schiel et al., 2012).
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intercellular bridge by binding to ESCRT-III subunits and the
related IST1 protein (Agromayor et al., 2009; Bajorek et al.,
2009; Elia et al., 2011).
Live-cell microscopy revealed that during constriction of the
intercellular bridge, a fraction of ESCRT-III relocates away from
midbody-associated rings to form either a cone structure (Gui-
zetti et al., 2011; Lafaurie-Janvore et al., 2013) or a spatially
separate pool at the site of maximal constriction (Elia et al.,
2011, 2012). These observations and the 17 nm filament struc-
tures at abscission sites have served as a basis for models about
how ESCRT-III polymers may contribute to abscission (Figure 4):
ESCRT-III may grow filament spirals that decrease their diameter
when they extend away from the midbody to constrict the inter-
cellular bridge (Guizetti et al., 2011) (Figure 4B). Alternatively,
part of an ESCRT-III filament helix may be released, possibly
by VPS4, to slide away from the midbody while constricting
the cortex (Elia et al., 2012) (Figure 4C). A third model proposes
that an ESCRT-III-independent process leads to membrane
constriction, which is then captured and stabilized by ESCRT-
III (Schiel et al., 2012) (Figure 4D).
Once the midbody has formed, microtubules are dispensable
for abscission both in vertebrate cells (Guizetti et al., 2011) and in
C. elegans (Green et al., 2013). The microtubule-severing AAA-
ATPase spastin (Connell et al., 2009; Guizetti et al., 2011) is
targeted to constriction zones through direct binding to the
ESCRT-III subunit CHMP1B (Reid et al., 2005; Yang et al.,
2008) and IST1 (Agromayor et al., 2009) and thereby couples
microtubule removal with membrane constriction at the abscis-
sion site. Because of the curved appearance of microtubules at530 Developmental Cell 31, December 8, 2014 ª2014 Elsevier Inc.constriction zones, it has been proposed that buckling may
further contribute to their disassembly (Schiel et al., 2011).
Early models of abscission proposed that vesicles may fuse
to larger compounds to establish separating membranes from
within the intercellular bridge (Gromley et al., 2005). Vesicles in
the intercellular bridge derive from the Golgi secretory pathway
(Gromley et al., 2005; Guizetti et al., 2011) and from recycling en-
dosomes (Fielding et al., 2005; Kouranti et al., 2006; Schiel et al.,
2011;Wilson et al., 2005). These different populations of vesicles
are defined by their association with distinct small RabGTPases,
including Rab8 (Guizetti et al., 2011), Rab35 (Chesneau et al.,
2012; Dambournet et al., 2011; Kouranti et al., 2006), and
Rab11 (Fielding et al., 2005; Schiel et al., 2011; Wilson et al.,
2005). Many factors required for vesicle tethering and fusion
are essential for the completion of cytokinesis, including the
t-SNARE syntaxin 2 (Gromley et al., 2005; Low et al., 2003),
the v-SNARE VAMP8 (Gromley et al., 2005; Low et al., 2003;
Schiel et al., 2011), and the exocyst complex (Fielding et al.,
2005; Gromley et al., 2005). The failure in abscission upon deple-
tion of these factors, however, seems more likely to result from
perturbed intercellular bridgematuration rather than defects dur-
ing the final abscission stage, because time-lapse imaging and
correlative electron microscopy revealed that most vesicles
disappear substantially before abscission (Guizetti et al., 2011).
Abscission timing is regulated by multiple mitotic kinases and
by mechanical tension. The kinases Plk1 and Aurora B, which
also play important roles during central spindle assembly and
cleavage furrow formation (see above), have additional functions
in regulating ESCRT-III. Plk1 suppresses ESCRT-III accumula-
tion by phosphorylating CEP55 until it is degraded by the
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Figure 5. Morphology of 17 nm Diameter Filaments at the
Intercellular Bridge and ESCRT-III Polymers
(A–C) Electron tomogram of a high-pressure-frozen HeLa cell with a late-stage
intercellular bridge containing 17 nm filaments. (A) Overview of a central
tomogram section, showing midbody and lateral constriction zone. (B)
Enlarged grazing section of the tomogram shown in (A) reveals parallel
arrangement of regularly spaced 17 nm diameter filaments at the constriction
zone. (C) 3D reconstruction of the tomogram shown in (A) and (B) reveals spiral
geometry of 17 nm filaments. Red, microtubules; different shades of green,
17 nm filaments; yellow, plasma membrane; white balls, open microtubule
ends; blue balls, closed microtubule ends.
(D) In vitro assemblies of an auto-activated mutant of budding yeast Snf7
(Snf7R52E; homolog of human CHMP4) visualized by negative stain trans-
mission electron microscopy. Filaments appear 15 nmwide when stained with
uranyl acetate (Henne et al., 2012).
(E) In vitro assemblies of Snf7R52E appear 9 nm wide, with 4 nm wide sub-
filaments, when stained with ammonium molybdate.
(F) Auto-activated budding yeast Snf7 (Snf7R52E) assembles into flat spirals on
lipid monolayers.
(G) Addition of Vps2/CHMP2 and Vps24/CHMP3 to Snf7R52E forms 3D coiled
helices.
(H) Deep-etch electron microscopy of plasma membranes of COS-7 cells
overexpressing truncated human CHMP4A (a1- a5) alone results in flat spirals
on the surface of the plasma membrane (Cashikar et al., 2014).
(I) Coexpression of CHMP4A (a1-a5) and full-length CHMP2A leads to tubular
protrusions on the plasma membrane.
Images in (B)–(I) are shown at the same scale; scale bars, 100 nm. Reprinted
with permission: (A)–(C) from Guizetti et al. (2011); (D)–(G) from Henne et al.
(2012); (H) and (I) from Cashikar et al. (2014).
Developmental Cell
Reviewanaphase-promoting complex/cyclosome during mitotic exit
(Bastos and Barr, 2010). Aurora B kinase also functions as a
negative regulator of abscission (Mathieu et al., 2013; Norden
et al., 2006; Steigemann et al., 2009) by phosphorylating
ESCRT-III subunit CHMP4C (Capalbo et al., 2012; Carlton
et al., 2012) (see Coordination of Abscission with Chromosome
Segregation). Cyclin B2, a coactivator of Cdk1, on the otherhand, functions as a positive regulator of abscission, yet the rele-
vant substrates are not known (Mathieu et al., 2013). Within a tis-
sue context, abscission may be further regulated by mechanical
tension between the nascent sister cells, because severing the
intercellular bridge by laser microsurgery triggered ESCRT-III
accumulation and abscission (Lafaurie-Janvore et al., 2013).
How these different regulatory mechanisms are integrated into
a common signal to initiate abscission is poorly understood.
Importantly, the timing of abscission depends on the removal
of chromatin from the cleavage site, as discussed in detail below.
Mechanism of ESCRT-III-Mediated Membrane Scission
Various biochemical reconstitution approaches have estab-
lished that ESCRT-III forms polymers on membranes, which
can mediate constriction and fission of membrane necks that
are 25–50 nm wide (McCullough et al., 2013). Recombinant
ESCRT-III subunits can polymerize into filaments, tubes, or
sheets in vitro (Bajorek et al., 2009; Dobro et al., 2013; Ghazi-
Tabatabai et al., 2008; Guizetti and Gerlich, 2012; Henne et al.,
2012; Lata et al., 2008). The diameter of in-vitro-polymerized
filaments from budding yeast Snf7 (termed CHMP4 in humans)
appeared to be either 9 or 15 nm wide in electron micrographs,
depending on the staining procedure (Henne et al., 2012) (Fig-
ures 5D and 5E). Human CHMP4A also formed filaments at the
cortex of interphase cells (Cashikar et al., 2014; Hanson et al.,
2008) (Figure 5H). Given the morphological diversity of ESCRT-
III polymers in different systems and the apparent width depend-
ing on the staining procedure, it remains an important open
question how in vitro ESCRT-III polymers relate to the 17 nm
diameter filaments observed at the abscission site.
Recent work highlights how different ESCRT-III subunits may
copolymerize to mediate membrane deformation. A constitu-
tively activated mutant of budding yeast Snf7 homopolymerized
into flat rings and spirals on lipid monolayers (Henne et al., 2012)
(Figure 5F). The addition of two other ESCRT-III subunits, Vps2 (a
homolog of human CHMP2) and Vps24 (a homolog of CHMP3)
then converted flat Snf7 assemblies into 3D coiled helices,
indicating a spring-like mechanism of membrane deformation
(Figure 5G). This idea is supported by observations made in
mammalian cells, where an overexpressed truncated version of
CHMP4A assembled into flat spirals on the plasma membrane
but formed tubular protrusionswhen CHMP2Awas coexpressed
(Cashikar et al., 2014) (Figures 5Hand5I). Thus, copolymerization
of different ESCRT-III subunits governs the polymermorphology.
ESCRT-III-mediated membrane fission further involves the
AAA-ATPase VPS4 (Babst et al., 1998; Saksena et al., 2009).
In vitro, VPS4 disassembles ESCRT-III polymers for subunit re-
cycling without being essential for themembrane fission reaction
per se (Wollert et al., 2009). In cells, however, VPS4 binding to
ESCRT-III directly contributes to membrane neck narrowing
prior to vesicle fission (Adell et al., 2014). Consistent with this,
VPS4 accumulates at the intercellular bridge prior to abscission
(Elia et al., 2011), yet how VPS4 contributes to ESCRT-III remod-
eling at the abscission site is not known.
Different models have been proposed for the ultimate
membrane scission event following neck constriction. Truncated
ESCRT-III subunits CHMP2A and CHMP3 copolymerized in vitro
into tubular structures with dome-shaped caps (Fabrikant et al.,
2009; Lata et al., 2008). Such structures induce a strong bending
of the tightly attached plasmamembrane, whichmay promote itsDevelopmental Cell 31, December 8, 2014 ª2014 Elsevier Inc. 531
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structures have been observed in vertebrate cells overexpress-
ing CHMP2B (Bodon et al., 2011), yet whether such structures
form under physiological conditions during abscission is not
known. An adaptation of the dome model proposes a circular
targeting complex that nucleates ESCRT-III filaments growing
toward the center. Binding of VPS4 then leads to ESCRT-III
self-association within the neck, forming a whorl that deforms
the membrane into a dome (Boura et al., 2012). Yet another
model for membrane scission posits that VPS4-mediated disas-
sembly of ESCRT-III polymers may constrict membrane necks in
a ‘‘purse-string’’ mechanism to promote scission (Saksena et al.,
2009).
In conclusion, the extensive characterization of ESCRT-III
function during endosomal vesicle budding and the detailed
description of ESCRT-III polymers assembled in vitro provides
a good basis for mechanistic models. However, how ESCRT-III
polymers adapt to the large membrane tube of the intercellular
bridge and how these large structures constrict remain important
open questions.
Coordination of Abscission with Chromosome
Segregation
Faithful cell division requires that the cleavage site is cleared
from chromatin before cytokinesis initiates. Otherwise, the cyto-
kinesis machinery may damage chromosomes (Carlton et al.,
2012; Cuylen et al., 2013; Janssen et al., 2011; Norden et al.,
2006) or may fail to split cells apart, owing to mechanical
hindrance by unsegregated chromosomes (Bembenek et al.,
2013; Carlton et al., 2012; Steigemann et al., 2009; Thoresen
et al., 2014).
The initiation of chromosome segregation and cytokinesis
both depend on the same signal, the activation of the E3
ubiquitin ligase anaphase-promoting complex/cyclosome. The
anaphase-promoting complex/cyclosome promotes mitotic
exit by targeting its substrates for proteasome-mediated degra-
dation, whereby two substrates are particularly important. Se-
curin degradation is necessary for the activation of the protease
separase, which cleaves cohesin rings to separate sister chro-
matids. Cyclin B degradation results in a decay of Cdk1 activity,
so that counteracting phosphatases can dephosphorylate its
substrates to promote cytokinesis and other mitotic exit events.
The sequential initiation of chromosome segregation and
cytokinesis is established through regulatory pathways that
mediate a delayed activation of Cdk1-counteracting phospha-
tases relative to the activation of separase. In budding yeast,
the mitotic exit network (MEN) activates its main Cdk1-counter-
acting phosphatase, Cdc14, only after chromosomes have
segregated into the bud (Stegmeier and Amon, 2004). Metazoan
mitotic exit depends on the phosphatase PP2A-B55 (Mochida
et al., 2009; Schmitz et al., 2010), which is activated with a delay
relative to the activation of separase by a pathway involving
Greatwall kinase and ENSA (Cundell et al., 2013). These mitotic
exit pathways establish a temporal order of cleavage furrow
ingression relative to chromosome segregation, yet they do not
directly control the timing of abscission.
Missegregating Chromosomes Delay Abscission
A regulatory pathway coordinating abscission with the comple-
tion of chromosome segregation was first proposed based on532 Developmental Cell 31, December 8, 2014 ª2014 Elsevier Inc.observations in budding yeast (Mendoza et al., 2009; Norden
et al., 2006). Mutations that caused chromosome segregation
errors were found to delay abscission, but this delay was sup-
pressed in mutants of the kinase Aurora B (termed Ipl1 in
Saccharomyces cerevisiae). As a result, Aurora B-deficient cells
accumulated extensive DNA damage, putatively caused by
mechanical breakage of unsegregated chromosomes through
the abscission machinery. Hence, in budding yeast Aurora B
functions as an inhibitor of abscission when chromosomes
localize to the cleavage plane, and the regulatory pathway was
therefore termed ‘‘NoCut’’ (Mendoza et al., 2009; Norden et al.,
2006). Additional components of the NoCut pathway include
two anillin-related proteins, Boi1 and Boi2, which inhibit septin
function in abscission as long as they are phosphorylated by
Aurora B (Norden et al., 2006).
It was subsequently found that human cells (Steigemann et al.,
2009) and C. elegans embryos (Bembenek et al., 2013) also
delay abscission when missegregating chromosomes localize
within the intercellular bridge. Such chromosome bridges occur
spontaneously in most cultured cell populations and may result
from various defects, including impaired decatenation of DNA
(Germann et al., 2014) or dicentric chromosomes (Gascoigne
and Cheeseman, 2013; Janssen et al., 2011).
The abscission delay induced by chromosome bridges in an-
imal cells also depends on Aurora B (Figure 6). In normally segre-
gating cells, midbody-localized Aurora B is inactivated at the
time of abscission, and chemical inhibition of Aurora B after
cleavage furrow ingression accelerates abscission, indicating
that Aurora B is not required for abscission per se, but rather
functions as an inhibitor of abscission (Mathieu et al., 2013; Stei-
gemann et al., 2009). In the presence of chromosome bridges,
Aurora B remains active for a much longer duration after cleav-
age furrow ingression, which may contribute to the delay of
abscission (Bembenek et al., 2013; Steigemann et al., 2009).
Chemical inactivation of Aurora B in cells with missegregating
chromatin, however, caused regression of the cleavage furrow
rather than a cut through chromosome bridges (Steigemann
et al., 2009). Thus, the function of Aurora B as a negative
regulator of abscission timing is conserved in budding yeast
and animal cells, yet the consequences of premature inactivation
of Aurora B are distinct.
It is not well understood how Aurora B contributes to the
maintenance of an ingressed cleavage furrow in animal cells
(Figure 6C). Aurora B mediates phosphorylation of MKLP1 at
a site that suppresses nuclear import of MKLP1 (Neef et al.,
2006), and this phosphorylation is maintained for a longer dura-
tion in the presence of chromosome bridges (Steigemann et al.,
2009), yet how this stabilizes the ingressed cleavage furrow is
not known. Cells with chromosome bridges accumulate high
levels of F-actin at both sides of the intercellular bridge, but the
functional relevance remains unclear, because actin-depolyme-
rizing chemicals did not induce cytokinetic cleavage furrow
regression (Steigemann et al., 2009). It will therefore be inter-
esting to determine whether other factors mediating cortical
anchorage to the midbody are regulated by Aurora B in a chro-
mosome bridge-dependent manner.
Aurora B also regulates abscission timing directly through
the ESCRT-III subunit CHMP4C (Figure 6D). In contrast to
two related isoforms in humans, CHMP4C is not essential for
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Figure 6. Aurora B-Mediated Abscission Delay
The presence of a chromosome bridge in the intercellular bridge sustains
Aurora B activity to stabilize the ingressed cleavage furrow and to delay
abscission.
(A) During telophase, active Aurora B localizes adjacent to the midbody, as
in normally segregating cells.
(B) Midbody-associated microtubules disassemble at a time similar to
normally segregating cells, resulting in Aurora B relocalization to the central
midbody (Steigemann et al., 2009).
(C) Accumulation of large F-actin patches on both sides of the intercellular
bridge and phosphorylation of MKLP1 may contribute to the maintenance of
an ingressed cleavage furrow in cells with persistent chromosome bridges
(Steigemann et al., 2009).
(D) Aurora B regulates the abscission machinery by phosphorylating ESCRT-III
subunit CHMP4C (Capalbo et al., 2012; Carlton et al., 2012). A protein complex
formed between ANCHR, CHMP4C, and VPS4 at the central midbody inhibits
ESCRT-III and VPS4 (Thoresen et al., 2014).
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et al., 2012; Carlton et al., 2012). CHMP4C is phosphorylated by
Aurora B, and this is required to delay abscission (Carlton et al.,
2012), indicating that CHMP4C functions in Aurora B-mediated
abscission timing control. CHMP4C initially accumulates at
lateral midbody regions but then relocates to the central mid-
body at the time when other ESCRT-III subunits begin to accu-
mulate at the intercellular bridge (Carlton et al., 2012). It has
therefore been hypothesized that during early stages of abscis-
sion, Aurora B-phosphorylated CHMP4Cmay outcompete other
ESCRT-III subunits in binding to their targeting factors, such as
ALIX (Agromayor and Martin-Serrano, 2013). It should be noted
that the Aurora B phosphorylation site in human CHMP4C isnot conserved in Drosophila. However, both human and
Drosophila CHMP4C physically interact with borealin, a subunit
of the chromosomal passenger complex that also contains
Aurora B (Capalbo et al., 2012; Carlton et al., 2012). Borealin
binds to several other ESCRT-III components, including
CHMP2A, CHMP4A, CHMP4B, and CHMP6 (Capalbo et al.,
2012; Carlton et al., 2012), which raises the question of whether
borealin and Aurora B control ESCRT-III core subunits through
additional yet unidentified mechanisms.
Aurora B further controls the ESCRT-III pathway through the
PtdIns3P-binding protein ANCHR (abscission/NoCut check-
point regulator) (Thoresen et al., 2014). Similar to CHMP4C,
ANCHR functions as a negative regulator of abscission timing,
relevant to suppress furrow regression in the presence of chro-
mosome bridges. ANCHR physically interacts with CHMP4C
and VPS4, and the three proteins colocalize at the central
midbody ring in cells containing chromosome bridges, but not
in normally segregating cells, where VPS4 localized to regions
adjacent to the midbody. This led to the proposal that Aurora B
may inhibit the ESCRT-III pathway through sequestering VPS4
at the midbody ring, away from the sites of abscission lateral
to the midbody. To what extent the complex formation with
ANCHR and CHMP4C limits the pool of free VPS4 available in
the cytoplasm, however, has not yet been tested.
How Aurora B responds to unsegregated chromosomes at the
abscission site is poorly understood. In budding yeast, Aurora B
localizes to the spindle midzone, which forms inside the nucleus.
Tethering of Aurora B to chromatin led to NoCut activation inde-
pendent of chromosome segregation defects, suggesting that
proximity of Aurora B to chromatin provides the trigger (Mendoza
et al., 2009). In vertebrate cells, Aurora B predominantly localizes
to a ring around the chromosome bridge and is therefore
separated from chromatin by the nuclear envelope. Cytoplasmic
Aurora B may access chromatin within chromosome bridges
through nucleocytoplasmic shuttling (Steigemann et al., 2009),
yet how an Aurora B-activating signal is specifically generated
by chromosomes residing in the intercellular bridge is not known.
The Aurora B-dependent abscission delay is also triggered
through experimentally perturbed nuclear pore assembly, inde-
pendently of the presence of chromatin in the cleavage plane
(Carlton et al., 2012; Mackay et al., 2010; Thoresen et al.,
2014). The cellular defects that would trigger such a response
under physiological conditions, however, are not known.
One major question emerging from these studies is to what
extent an Aurora B-mediated abscission delay contributes to
genome protection. Experimentally induced lagging or bridged
chromosomes acquire substantial DNA damage during cytoki-
nesis both in budding yeast (Cuylen et al., 2013) and in human
cells (Gascoigne and Cheeseman, 2013; Janssen et al., 2011),
even when NoCut/Aurora B-mediated abscission control is
expected to suppress abscission. Furthermore, the induction
of chromosome missegregation by condensin depletion did
not suppress the completion of cytokinesis (Cuylen et al.,
2013). It is unclear how these experimentally induced chromo-
some bridges relate to missegregating chromosomes that occur
spontaneously under physiological conditions in tissues. Chro-
mosome bridges resulting from dicentric attachment to the spin-
dle are unlikely to resolve without major genome damage, but
when chromosome bridges result from slow decatenation duringDevelopmental Cell 31, December 8, 2014 ª2014 Elsevier Inc. 533
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important to suppress DNA damage. It will therefore be impor-
tant to better understand how chromosome bridges emerge
under physiological conditions, as well as which mechanisms
contribute to their resolution.
Conclusions and Outlook
Research over the past decade has provided major insights
into the cytological events and molecular components medi-
ating abscission in animal cells. In particular, the discovery of
ESCRT-III and its extensive characterization in cells and
in vitro provides an important basis for mechanistic models
of abscission. The prevailing models propose membrane-
deforming filament helices built from ESCRT-III, and electron
tomography revealed 17 nm diameter filaments at the cortex
of abscission sites as a candidate structure. However, whether
17 nm diameter filaments are indeed built from ESCRT-III sub-
units is not known. Improved methods for labeling in electron
microscopy and imaging with emerging nanometer-resolution
fluorescence microscopes provide new opportunities to
determine the molecular identity of 17 nm filaments, which
is needed to link molecular mechanisms of ESCRT-III to the
biomechanics of large membrane tubes such as the intercel-
lular bridge.
We are also beginning to understand the temporal control of
abscission, yet many questions remain open. When chromatin
localizes at the cleavage plane, Aurora B increases the stability
of the intercellular bridge, inhibits abscission factors, and pro-
motes the resolution of chromosome bridges. This has been pro-
posed to improve genomic integrity by reducing the extent of
DNA breakage imposed by the abscission machinery and by
preventing tetraploidization through cleavage furrow regression.
Estimating the overall impact of this regulatory pathway on
genomic integrity, however, will require better knowledge about
what types of chromosome segregation errors occur most
frequently in unperturbed tissues and about which mechanisms
contribute to their resolution. It is also unclear how Aurora B,
Cdk1, and other kinases involved in regulating abscission timing
generate an abrupt trigger in normally segregating cells, particu-
larly because abscission is so delayed relative to cleavage
furrow ingression.
Beyond its function in physically separating cells, abscission
has been proposed to contribute to the specification of cell
fate in asymmetric cell divisions. This is based on the observa-
tion that, in some cell types, the midbody remains associated
with one of the daughter cells after abscission, and this asym-
metry can correlate with proliferative potential of the respec-
tive daughter cell (reviewed in Chen et al., 2013). A stereo-
typed pattern of asymmetric midbody segregation was also
observed in C. elegans early embryonic development, yet
perturbation experiments did not reveal causal links to cell dif-
ferentiation (Ou et al., 2014). Thus, to what extent and by which
mechanism asymmetric midbody segregation governs cell-
fate decisions remains an interesting open question for future
research.
Thus, despite much progress that has been made, we are still
facing major challenges. The innovations in imaging technology,
genome engineering, and chemical perturbations open exciting
avenues to uncover the remaining mysteries of abscission.534 Developmental Cell 31, December 8, 2014 ª2014 Elsevier Inc.ACKNOWLEDGMENTS
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